Abstract: Hemostasis and thrombosis are highly complex and coordinated interfacial responses to vascular injury. In recent years, atomic force microscopy (AFM) has proven to be a very useful approach for studying hemostatic processes under near physiologic conditions. In this report, we review recent progress in the use of AFM for studying hemostatic processes, including molecular level visualization of plasma proteins, protein aggregation and multimer assembly, and structural and morphological details of vascular cells under aqueous conditions. AFM offers opportunities for visualizing surface-dependent molecular and cellular interactions in three dimensions on a nanoscale and for sensitive, picoNewton level, measurements of intermolecular forces. AFM has been used to obtain molecular and sub-molecular, resolution of many biological molecules and assemblies, including coagulation proteins and cell surfaces. Surface-dependent molecular processes including protein adsorption, conformational changes, and subsequent interactions with cellular components have been described. This review outlines the basic principles and utility of AFM for imaging and force measurements, and offers objective perspectives on both the advantages and disadvantages. We focus primarily on molecular level events related to hemostasis and thrombosis, particularly coagulation proteins, and blood platelets, but also explore the use of AFM in force measurements and surface property mapping.
INTRODUCTION
Many cell and molecular events in hemostatic processes, such as thrombosis, occur at surfaces, typically at cell surfaces and the protein matrix of the subendothelium. Many of the proteins involved in the maintenance of hemostasis, such as coagulation factors, are globular glycoproteins. This makes protein structural determinations is very challenging by x-ray methods, and accounts for the relatively slow progress that has been achieved. In general, most progress, albeit on a lower scale than x-ray methods, has been achieved primarily using electron microscopy (EM). Consequently, one might imagine that an instrument that provides the capability to visualize surface-dependent cellular and molecular events in three dimensions on a nanometer (nm) scale in aqueous environments would be very useful. Atomic force microscopy (AFM) offers these capabilities.
AFM has found extensive use in many areas of cell and molecular biology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , although specific applications in hemostasis have been relatively few by comparison. The principal application of AFM has been high resolution imaging to obtain molecular, and in some cases submolecular, resolution of many biological molecules, including coagulation proteins [11] , and receptors on cell surfaces [9] . However, since the introduction of AFM over 10 years ago [12, 13] , a large array of operational modes have been introduced that allows sensitive measurements of different probe-sample interactions, each of which is characteristic of some sample biomechanical property. This has led to increasing applications of AFM to imaging at the cell level and to biomechanical measurements on vascular cells, including platelets and endothelial cells [14] [15] [16] [17] .
The nature of AFM imaging, which employs a small probe interacting with the sample, also means that AFM can be used to obtain sensitive measurement of intermolecular forces down to picoNewton (pN) levels in aqueous media. For this purpose, high spatial resolution combined with a sensitive and accurate force sensor is needed. High spatial resolution is provided by the small size of the AFM probe tip, while high force resolution results from the small cantilever spring constants to which the probe tip is attached. The success in using AFM for studying interaction forces in biological systems is now well established [18] [19] [20] [21] [22] [23] . Experiments are accomplished by using modified probe tips, varying media conditions, and utilizing the force-distance profiles that are obtained with an AFM. As a result, molecular interactions, including receptor-ligand interactions, can now be resolved down to a few pN of force.
High resolution imaging, combined with measurement of biomechanical properties and surface-dependent intermolecular interactions, under physiologic conditions makes AFM very powerful technique. In this review, we outline the basic principles of AFM, followed by recent progress in the use of AFM for studying hemostatic processes, including visualization of plasma proteins, protein aggregation and multimer assembly, structural and morphological details of vascular cells. We also explore the use of AFM in measurements of intermolecular forces and mapping of cell surface properties.
BASIC PRINCIPLES OF AFM
The basic instrument set up for an AFM is shown in (Fig.  1 ). An AFM requires a sensitive x-y scanning system provided by an octapoled piezoelectric transducer. This permits a surface to be raster scanned over a desired area (Fig. 1B) . The third dimension (z) correlates to height movement in the piezo, which is usually linked to an optical lever detection system. The scanning probe component typically consists of a mounted triangular silicon nitride (Si 3 N 4 ) cantilever, 100-200 µm in length, with an integrated pyramidal probe tip. A standard probe tip is about 3-5 µm tall with a radius of curvature at the tip apex of about 35 nm. The size and shape of the tip, along with the pixel density/unit area scanned directly affect the resolution obtained for the imaged object. An example of a sharper tip is provided in (Fig. 1C) , which shows a custom carbon spike grown on the apex of a standard Si 3 N 4 tip. Thus, the ideal situation for high resolution imaging is to use a tip with a small radius of curvature and high aspect ratio, combined with a small scanning area to maintain a high pixel density.
While the instrument set up is relatively simple, the interactions between probe tip and sample are not. The complexity of close contact interactions between the cantilever/tip assembly and the sample underpins the great advantage of AFM, but this also encompasses numerous potential technical difficulties that need to be addressed in an experimental design.
Operating Modes
The physics of close contact tip-sample interactions, combined with the ability to control and/or monitor the cantilever drive signal input and output, has generated a wide range of AFM operating modes. This flexibility allows nanoscale examination of different structure-property relationships of a sample under vacuum, ambient air, or aqueous conditions. Here, we focus on some common modes of AFM operation that are used in the study of biological samples.
Contact Mode Imaging
The most common type of AFM imaging has been contact mode. In this mode, the probe tip, connected to the flexible triangular cantilever, is placed into physical contact with the sample, and raster-scanned through the x-y plane (Fig. 1A) . At each x,y position, the change in surface (1) . Components in an AFM system. (A) Shows the octapoled piezoelectric transducer (piezo), cantilever/tip assembly, laser and multisegmented photodiode detector system, and the feedback loop between the detector and piezo. (B) Shows contact and tapping modes operations with part of the x,y raster scanning pattern. In contact mode, the tip is in constant contact with the sample during the rasterscanning, whereas in tapping mode, the tip is driven to oscillate at a high frequency in the vertical direction. (C). Shows a standard silicon nitride pyramidal tip with a custom sharp carbon spike grown on the apex of the standard tip.
topography induces a deflection in the probe/cantilever assembly, which is measured by a detection system. The optical lever technique [24] is the most common method for measuring the cantilever deflection on commercial AFM instruments, although other methods including optical interferometry, capacitance measurements, scanning tunneling microscopy [24] and piezoelectric bimorphs [25] have been explored.
In the optical lever technique, laser light is reflected off the back of the gold-coated cantilever to a multi-segmented photodiode detector. The long optical path greatly amplifies the small movements of the cantilever (in the range of Å) into measurable voltage signals at the detector. The amount of light striking the upper and lower photodiode segments is compared with an unperturbed null value and used to generate a difference signal. The difference signal is used as the input to a digital feedback loop to the z component of the piezoelectric transducer. The feedback loop maintains tipsample contact, through the voltage signal input to the zcomponent of the piezo, under a constant force, and this provides quantitative height information in an AFM image. If the feedback loop detects a deviation in deflection from a given set point, it will control the z-piezo of the scanner to change the height of the sample stage relative to the probe, bringing the deflection back to the reference value. The resulting vertical position of the probe corresponding to the lateral position is recorded as a topographical map of the sample, referred to as the 'height' image. Simultaneously, the deflection of the probe used as an 'error signal' in the feedback loop also can be collected and presented as a 'deflection image'.
In cell and molecular biology, contact mode operation is suitable for imaging fixed cells, and biopolymers (proteins, DNA, polysaccharides) that have been dehydrated in a manner analogous to sample preparation for EM. However, contact mode imaging produces a significant lateral shear force, on the order of a few nN that is applied to the sample during imaging, because the probe tip is in constant contact with the sample surface. This force can be sufficient to disrupt a delicate sample or sweep a surface adsorbed molecule to the periphery of the imaging area [26, 27] . As a result, contact mode is often unsuitable for reliable imaging of isolated proteins, and cells under (non-fixed) aqueous conditions. The applied lateral force can be estimated using the system geometry and the normal imaging force, which is a measurable value [10] . This simple calculation may be useful in estimating the frictional resistance of a surface adsorbed biopolymer. However, it is limited by not accounting for the shape of the probe tip or possible bending effects in the cantilever. Further improvements in the ability to manipulate objects reproducibly on molecular and even atomic scales have applications in the growing field of nanoengineering.
Dynamic (Tapping) Imaging Modes
The lateral forces applied during contact mode imaging [26, 27] may easily deform cells and biopolymers. To overcome this problem, various dynamic operational modes were introduced in 1993 that virtually eliminate lateral forces applied during AFM imaging. Dynamic AC imaging modes use an oscillation of the AFM cantilever/probe in the zdirection (Fig. 1B) . Under optimum conditions, the resolution has been demonstrated to be as low as 0.5 nm in the x-y plane, and approximately 1Å in the z (height) direction [28] . A recent development also allows the tracking of biomolecules at a relatively high speed [29] .
Tapping mode superimposes a high-frequency zoscillation of the probe/cantilever onto normal x-y rasterscanning, which causes the probe tip to be in only intermittent contact with the sample [28] [29] [30] [31] [32] . Optical lever detection generates an oscillating signal in the segmented photodetector. Interaction of the tip with the sample during scanning causes attenuation of the root mean square (RMS) oscillation. This is compared to a reference value and used in a feedback loop that controls the sample position with respect to the tip (analogous to the difference signal used in contact mode). In this manner, an (x,y,z) triplet is generated, where the z-value is defined by the position of the sample at each point. A three dimensional image of the sample is generated by recording the position of the sample required to keep the attenuation of the signal amplitude at a constant value. Applied shear forces are often negligible in tapping mode, because the probe is not in constant contact with the sample surface and the lateral scanning movement of the probe occurs above the sample. However, there is a contact force normal to the surface that may result in decreases in the height of a sample. Recent studies have attempted to develop better understanding of the tip/surface interactions in terms of force and energy dissipation [33] [34] [35] [36] .
Amplitude, phase detection modes, and force modulation comprise a second type of dynamic force microscopy, which operate on the same principles as tapping mode (Fig. 2 ). An oscillating signal is superimposed onto the x-y rasterscanning, resulting in only intermittent contact between the tip and sample [37] [38] [39] [40] . Amplitude and phase imaging modes measure the amplitude feedback error and the phase shift in the frequency of the response signal, respectively. Force modulation monitors amplitude attenuation under a constant cantilever deflection. As the probe tip contacts the sample, the force causes a small indentation, characterized by the mechanical properties of the sample [41] [42] [43] . When the signal responses are compared with the driving signal, the differences are a measure of the viscoelastic properties of the sample. The amplitude response to the driving signal is related to the elastic properties, and the phase shift is a response to the viscous properties of the sample [41] . These methods are not only useful for determining viscoelastic properties at high spatial resolution, but are also important for determining the contribution of viscoelastic properties in a topographic AFM image of the same sample. In force modulation, amplitude attenuation of the oscillating tip is observed on regions with different viscoelastic properties. The attenuation is larger on a soft region relative to harder regions. A corresponding change also is observed in phase imaging. An out-of-phase signal is detected when the tip interacts with a soft region.
One may exploit the variation in the amplitude or frequency of the response signal to obtain biomechanical information on a biological sample. This approach has been widely used to examine the biomechanical properties of cell membranes, DNA, and for imaging protein molecules on rough materials [44] [45] [46] [47] [48] . Determining the effects of structure hierarchy or phase separation on the micromechanical properties of biopolymers are obvious applications of dynamic AFM modes. However, estimates of viscoelastic parameters are model, as well as sample-dependent. For example, the Hertz model is often used to estimate the Young's modulus assuming elastic deformation. Other models such as force integration to equal limits mapping have been used to evaluate the elastic response of a cell membrane [45] . In amplitude modulation and phase imaging, the frequency and amplitude of the tip oscillation can be optimized to give improved contrast of a sample compared with topographic height imaging [42, 44, 47] .
IMAGING HEMOSTATIC PROCESSES USING AFM

Imaging Proteins
Over the past ten years, AFM has been used successfully to image many proteins including IgG, microtubule assemblies, myosin, collagens and proteins involved in hemostatic processes [3, 19, 23, [49] [50] [51] [52] [53] [54] [55] . In this section, we focus on progress on imaging proteins related to hemostasis and thrombosis. We begin with comments on the conditions required for imaging isolated single molecules under aqueous conditions, and techniques used in optimizing the imaging. The resolution and structural detail obtained varies considerably, depending on differences in sample preparation methods, imaging conditions, probe tips, and image processing.
In AFM imaging, a balance should be maintained between the force exerted by the probe tip and the adhesive force between sample and substrate. Several approaches have been employed to optimize imaging. This has included the use of: tapping mode to decrease the lateral force on the sample; an adhesive substrate to hold the protein during probe scanning; covalent or ionic surface attachment to immobilize the protein; a packed two-dimensional array; and solution ionic strength to balance van der Waals attraction with the electrostatic repulsion [56] [57] [58] [59] [60] . For example, AFM studies of membrane proteins are performed on twodimensional arrays of densely packed proteins, which form an organized, ordered surface. Such samples afford the highest resolution by AFM, since the interaction between protein and substrate is maximized, and movement of protein molecules induced by the AFM tip is minimized. In order to obtain submolecular resolution of isolated globular protein Fig. (2) . In tapping mode AFM, the cantilever is excited into resonance oscillation with a piezoelectric driver. a) In phase imaging, the phase change of the cantilever oscillation, relative to the signal sent to the cantilever's piezo driver, is simultaneously monitored by the Extender Electronics Module. The phase change is very sensitive to variations in material properties. b) In force modulation, there will be a change in the oscillation amplitude dependent on the different elastic response properties of sample components. c) The oscillation amplitude in tapping mode is used as a feedback signal to measure topographic variations of the sample.
molecules, experiments usually require a smooth substrate, the use of ultra sharp probe tips, and AFM tapping mode [10, 11, 55] . Further discussion on the experimental details for imaging globular proteins is provided in a previous review [58] .
AFM of Proteins Involved in Hemostasis
In general, AFM imaging of globular proteins is on a nanoscale, so that features of the overall shape or tertiary conformation of the protein are visualized, rather than details of secondary structure. Fig. (3) shows examples of molecular level images obtained by AFM under aqueous conditions, including fibrinogen, thrombin. Factor VIII, and von Willebrand Factor [10, 11, [53] [54] [55] . Recent studies also have used AFM to visualize specific binding sites between Factor IX and collagen IV [61] .
Fibrinogen
Fibrinogen plays central role in regulation of hemostasis and thrombosis, by participating in blood coagulation and facilitating adhesion and aggregation of platelets. The dual physiological roles of fibrinogen are integral to the maintenance of hemostasis after vasculature injury [62] and for the pathophysiologic occurrence of surface-induced thrombosis in disrupted atherosclerotic lesions or on implanted biomaterials [63, 64] . In thrombus formation [65] , platelet adhesion is successfully accomplished by surfacebound fibrinogen under most physiologic shear stress regimes, while the dimeric structure of fibrinogen enables platelet-platelet bridging, leading to macroscopic platelet aggregation.
Progress in visualizing fibrinogen has been achieved primarily using EM and low resolutions X ray data, beginning with the trinodular model of Hall and Slayter [66] in which the N-terminal regions of all six chains are folded into a globular central E domain and each set of C-terminal regions are folded into globular outer D domains. Amino acid residues of each chain between the D and E domains fold into helical conformations with all three chains intertwined to form a linear coiled-coil region [62, 67] . The molecular length of fibrinogen is 47.5 nm, with the roughly spherical D and E domains, 6.5 and 5 nm in diameter respectively, while the inter-globular coiled-coil region has a diameter of 0.8-1.5 nm and a length of 16 nm [66] . Subsequent iterations resemble the trinodular model, but incorporate higher resolution detail. For example, an octaglobular model, based on EM and low-resolution x-ray diffraction [68, 69] suggests fibrinogen is octaglobular with each of the C-terminal regions of Bβ and γ chains folded into two distinct globular domains located slightly off the molecular axis. The C-terminal region of the Aα chains fold back to form another globular domain located close to the central E domain [68] .
In one of the initial articles describing AFM, Drake et al., presented low resolution images on thrombin-initiated polymerization of fibrinogen into a fibrin clot, but no molecular scale images of fibrinogen were obtained [13] . Little further progress was made for several years, because of numerous difficulties that arise when imaging globular proteins by contact mode under aqueous conditions. Following the introduction of tapping mode AFM in 1993, molecular level imaging of isolated proteins became reproducible and less prone to artifact. Fibrinogen is well suited to study by AFM because of its size and surface dependent interactions (e.g., with platelets and subendothelium) so that one may study the protein under near-physiologic conditions or examine its interaction on different material surfaces [11, 48, 53, 70, 71] . If an image of the protein close to its native structure is desired then a hydrophilic surface such as mica is suitable (Fig. 4) . The image shows numerous fibrinogen molecules with the characteristic trinodular structure [53] . Such an image is not feasible in contact mode AFM, because the adsorbed fibrinogen is swept off or across the substrate.
Understanding interactions of fibrinogen on artificial surfaces is important because fibrinogen is central to the mechanism of thrombosis induced by implanted devices. Fig. (5) shows fibrinogen on 3 different surfaces: mica, a hydrophobic octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM), and a positively charged 3-aminopropyltriethoxysilane (APTES) SAM [53] . The images were obtained under phosphate buffer using tapping mode AFM. Fibrinogen displays its characteristic trinodular structure on all three surfaces. Quantitative dimensional analysis indicated that surface-dependent structural deformation visualized as spreading of fibrinogen increases according to the order: mica < APTES < OTS. Molecular lengths and widths of fibrinogen are increased, while the corresponding heights are decreased. For example, fibrinogen length increases 21% on APTS and 39% on OTS, relative to the 45.8 nm mean length on mica. These results provide evidence that material surface properties affect the conformational state of interacting fibrinogen, which, in turn, may affect the kinetics of material induced thrombosis. It would be useful to obtain imaging data of fibrinogen on materials that are actually used for clinical implants. Some attempts have been made to accomplish this, by machining smooth surfaces of clinical materials [71] or by exploiting the data obtained by other AFM operating modes such as the signal phase shift response. Images of isolated fibrinogen molecules adsorbed on polydimethylsiloxane and polyethylene have been obtained in situ using phase imaging AFM [48] . The phase imaging signal was used to distinguish individual protein molecules from the underlying topography of the synthetic polymer surface.
Thrombin
In contrast to fibrinogen, AFM images of thrombin ( Fig.  3B ) are less well resolved because of its relatively small size [72] . Measurements on the dimensions from AFM indicate that thrombin on graphite under aqueous conditions resembles a single prolate ellipsoid, approximately 5.5 x 4.5 nm, which is structurally consistent with the results obtained from X-ray crystallographic and EM studies [73, 74] . However, the AFM data reveal little further information, and illustrates a general limit on imaging isolated globular proteins by AFM.
Factor VIII
Factor VIII (FVIII) has a critical role in coagulation as a cofactor for FIXa in the activation of FX. In the previous EM studies, FVIII is shown as a globular structure approximatelỹ 10 nm in diameter, with some molecules exhibiting variable length and a tail like appendage [75, 76] . Correlations with the tail structure and the presence of the B domain were found. However, a recent molecular model derived from electron crystallography data was not able to detect the B domain in their model, since the highly glycosylated domain is not easily crystallizable [77] .
Human FVIII was imaged under aqueous conditions for the first time by AFM [54] . Tapping mode AFM images of FVIII were obtained under aqueous PBS on a synthetic OTS monolayer chemisorbed on glass coverslips. An ultrasharp carbon spike, deposited on the apex of a standard Si 3 N 4 probe was used in the AFM imaging. Purified FVIII solution in PBS with a final concentration of 0.5 ng/ml was adsorbed on OTS for 1 hour, followed by fluid tapping mode imaging. FVIII molecules were visualized as ellipsoidal, as shown in (Fig. 6A) . However, some of the FVIII exhibited a tail protruding from the globular core of the molecule (Fig. 6B) . The dimensions of the globular FVIII were 3.5 nm in height, 14 and 8 nm in major and minor axes respectively. The dimensions of the tail were 22 by 7 by 2 nm. This result is generally consistent with published EM data that detected the tail appendage. The width of the tail-like structure is larger than determined by EM, because of the contribution from the AFM tip size, and the effects of hydration.
von Willebrand Factor (vWF)
vWF is a large multimeric plasma glycoprotein that plays a central role in hemostasis by facilitating surface adhesion of platelets and by serving as a carrier for procoagulant FVIII [78] . vWF mediated platelet adhesion is a unique property of vWF under conditions of high shear prevalent in the microcirculation and stenosed arteries [78] [79] [80] [81] . The mature subunit of vWF is composed of 2050 amino acids (260 kDa) of which 8.3% are cysteine residues participating in disulfide bonds, and up to 10 O-linked and 12 N-linked carbohydrate side chains constituting 18.7% of its mass. Although the complete secondary structure of vWF is not known, x-ray crystal structures of some regions of vWF have been resolved [82] [83] [84] .
Two vWF subunits are disulfide-linked near the Cterminus to form a dimer, which undergoes polymerization through disulfide bonding near the amino terminus yielding multimers that range in molecular weight up to 20 x 10 6 Da, making it the largest known soluble globular protein. The higher molecular weight multimers are more effective in promoting platelet adhesion, especially under high shear conditions [78, 85, 86] . Fowler et al proposed a model for vWF tertiary structure based on EM observation [87] . In this model, the overall length of the vWF protomer is ~120 nm, made up of two globular domain (~26 nm diameter) each connected by a rod-like domain (~34 nm length) to a small central nodule.
We began studying vWF by AFM over 10 years ago. At that time only contact mode AFM was available. In our early experiments on vWF deposited on mica, the protein molecules were easily swept across the hydrophilic surface by the lateral force applied by the probe tip [26] . Removal of water by drying increased protein-surface adhesion and permitted molecular level imaging in air by contact mode, and measurement of individual vWF globular domains [88] . Subsequently, by using a hydrophobic substrate of an OTS monolayer deposited glass, we successfully imaged vWF under aqueous conditions, (PBS, pH 7.4) [89] .
Our experiments on vWF in PBS were repeated when tapping mode became available. The results were very interesting, because they showed vWF undergoes a sheardependent change in conformation on the hydrophobic surface. We imaged vWF under negligible shear stress using tapping mode, under a shear force (7 -19 nN) applied by the probe tip using contact mode, and after subjecting vWF to a well-defined range of shear stress (0 to 42.4 dyn/cm 2 ) using a rotating disk system and imaged in tapping mode [10] . The vWF consisted of purified middle molecular weight range multimers (8 < n > 26, n = multimer). The results showed vWF undergoes a globular to extended chain conformational transition on a hydrophobic surface in the shear stress regime of 35 + 3.5 dyn/cm 2 . This corresponds to a wall shear rate in blood of ~1,000 s -1 , similar to the range of shear that vWF predominates over fibrinogen as the principal mediator of platelet adhesion [90] . These data are presented in (Fig. 7) which shows a composite of three AFM images [10] . Under negligible shear (tapping mode), vWF has a globular conformation. In the middle image, shear forces (7.4 -19 nN) applied by the AFM probe tip in contact mode, cause protein unfolding, and the vWF exhibits a short extended chain. After exposure to a shear stress field of 35 + 3.5 dyn/cm 2 , vWF is observed in an extended chain conformation aligned in the direction of the applied shear. AFM images of vWF on hydrophobic OTS at higher resolution are shown in Fig. (8) [55] . The resolution is sufficient to discern intramolecular structural features of the repeat units within vWf multimers, which may be attributed to the utilization of ultra sharp carbon spike tips. vWF is displayed in a compact conformation and in an extended chain structure. The images show that vWf multimers consist of repeating globular structures with interconnecting rod-like regions. The extended conformation of vWF formed under applied shear, combined with its high multimeric structure, provides a mechanism for increasing the number of intermolecular contacts that contribute to its adhesion and resistance to applied shear forces. Similarly, a sheardependent conformational change in vWF may increase the number of vWF-platelet interaction sites and the overall binding strength, and thus may account for the unique function of vWF under high shear. 
AFM Imaging of Proteins Packed in Two-Dimensional Arrays
We include some comments on AFM studies on proteins packed in two-dimensional arrays, because this approach has demonstrated very high lateral resolution (< 0.5 nm) under aqueous imaging conditions [91] . Although this approach is not well suited for globular plasma proteins, it may be amenable for high resolution imaging of membrane proteins involved in hemostatic processes, such as integrin receptors. The optimized imaging conditions provide strong interaction between the substrate and the protein, the absence of large fluctuations in height, and permit imaging by contact mode. By this approach, the structures of both extracellular [91] and cytoplasmic [92] of purple membrane were imaged with lateral resolution of 0.45 nm, under physiological buffer conditions. Correlation averaging followed by symmetrizing surface topography of the unit cells provided atomic structure of the seven transmembrane α-helices within the bacteriorhodopsin [93] . These studies also provided information on structural variations and flexibility of the surface structure of the proteins, using standard deviation maps of topography with controlled conformational changes induced by increasing the force applied by probe tip. Similar approaches have been used to resolve the structures of several proteins including; ATP synthases [94] , lens major intrinsic proteins [95] , and connexons of gap junctions [96] .
Collagen
Fibrillar collagen in the subendothelial protein matrix is involved in the mechanisms of platelet thrombus formation under flow [97] . Recent AFM studies on collagens, include imaging real-time proteolysis of single collagen I molecules [98] . Here, we present recent AFM data Fig. (9) on four major structural proteins from the cartilaginous extracellular matrix. Types II, XI and IX collagen, and the proteoglycan, Aggrecan. The images shown in Fig. (9) are 350 x 350 nm with a linear gray scale of 1 nm in the z-direction. Type II collagen Fig. (9a) , the most abundant cartilage collagen, is composed of a uniform uninterrupted collagenous domain. The molecule appears generally flexible, but contains no kinks or globular structures. Type XI collagen (recently found to be synonymous with type V collagen in skin) Fig  (9b) is thought to comprise the core of cartilagenous fibrils. The physiological function of the terminal globular domain Fig. (9b) may act to disorder collagen fibrils limiting fibril diameter. Type IX collagen Fig. (9d) is a fibril-associated collagen with interrupted triple-helices with four noncollagenous domains, allowing for two bends in the molecule and an N-terminal globular domain Fig. (9c) . Type IX collagen decorates the surface of collagen fibrils suggesting that it may facilitate fibril-matrix interactions. Aggrecan Fig. (9d) is a large multidomain proteoglycan composed of a peptide core substituted with more thañ 1000 kDa glycosamino-glycans (GAGs). The GAGs appear in the image Fig. (9d) as much wider features compared with the collagens. 
Molecular Labeling
The lack of chemical specificity in AFM often requires that additional aids are needed to locate a particular protein in a heterogeneous background. One complimentary approach is the use of colloidal gold beads as labeling agents [8, 9, 99] . Conjugating an appropriate antibody on the gold particle facilitates labeling specificity. Immuno-gold labeling is a relatively common technique in histology and electron microscopy, but it is not often exploited in AFM studies. To be useful, AFM experiments require colloidal gold particles of <15 nm diameter for studies on a molecular scale. Eppell et al. [9] , used 14 nm gold beads with conjugated antibodies to label fibrinogen molecules on platelets and GPIIb/IIIa receptors. The distinct symmetry of the bead, even when viewed against the relatively rough background of the platelet membrane provided rapid visualization of the beads and localization of the target proteins. Immuno-gold bead labeling also has been used for imaging intramolecular binding sites on vWF [99] , and for mapping heparin-binding sites on fibronectin [8] . Fig. (10A) shows an image of surface adsorbed vWF labeled with anti-vWF polyclonal antibody conjugated with 10 nm gold beads.
The immuno-gold labeling technique can be extended to examine the functional properties of surface adsorbed proteins. Recently, accessible binding sites on vWF adsorbed on two different surfaces were examined by AFM using gold beads conjugated with monoclonal antibody (Mab), (Fig.  10B,C) [100] . Two Mab were examined for their ability to label vWF adsorbed on hydrophobic OTS and on collagen VI. Purified Mab, IgG 724 (D. Meyer, J-P. Girma, INSERM, France) [101] and IgG 52K2 (Z. Ruggeri, Scripps Institute, CA) were conjugated with 10 nm colloidal gold. Both Mab 724 (against heparin, sulfatides, and botrocetin binding epitope, residues 565-587) and Mab 52K2 (against the GPIb binding epitope, residues 694-708) recognize residues in the vWF A1 domain. The AFM images showed that Mab 724 conjugated gold beads labeled vWF on collagen VI at significantly greater surface density than on non-specific controls. Mab 52K2, but not Mab 724, gold bead conjugates labeled vWF adsorbed on the hydrophobic OTS surface at statistically significant densities. The results indicate that epitopes in the vWF A1 domain are accessible in vWF adsorbed on a hydrophobic surface and on a collagen VI layer.
AFM OF DYNAMIC HEMOSTATIC PROCESSES
AFM offers opportunities for visualizing dynamic surface-dependent cellular and molecular events in three dimensions, and an experimental approach for testing mechanistic hypotheses on a molecular scale under physiologically relevant conditions. However, image collection by AFM is slow, on the order of minutes for one image. Therefore, dynamic processes suitable for imaging in real time by AFM need to be correspondingly slow, such as cell migration across a surface; or the in vitro kinetic conditions need to be adjusted to slow a process sufficiently to visualize the incremental steps. This latter approach has been used to visualize the dynamic motions of mucin molecules [102] by AFM under aqueous conditions. The dimension scale of protein polymerizations ranges from a few nm up to microns -a length scale that is ideal for AFM studies. For example, AFM studies have enabled direct assessment of the fibrillization of β-amyloid peptides, amyloid aggregation, and provided insights into the mechanisms of fibril formation [103] [104] [105] .
Fibrin Network Assembly
A dynamic process relevant to hemostasis is the polymerization of fibrin into an insoluble crosslinked coagulum. The formation of a fibrin clot from the coagulation cascade is an essential mechanism for achieving adequate hemostasis. The final steps of blood coagulation involve the generation of thrombin from prothrombin, which then facilitates limited proteolysis of fibrinogen to give fibrin monomer, which undergoes spontaneous polymerization into a fibrin network. The resulting fibrin network is covalently crosslinked by activated factor XIII to yield an insoluble coagulum or blood clot. Substantial details of the fibrin polymerization process have been elucidated through biochemical studies, low resolution x-ray analysis, and imaged by EM. However, the dynamic hemostatic process of fibrin polymerization had not been visualized previously under aqueous conditions [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . Molecular level visualization of fibrin assembly and network formation recently has been monitored under aqueous conditions by AFM [72] . Fibrinogen, thrombin and fibrin were imaged on a molecular scale under aqueous conditions (20 mM HEPES buffer, pH 7.4), followed by time dependent propagation of fibrin strands into a three dimensional coagulum (Fig. 11) . Images were obtained using a Nanoscope III multimode AFM equipped with an E scanner operated in fluid tapping mode. Fibrinogen was adsorbed from solution on a graphite surface. Thrombin was then added to facilitate fibrinogen to fibrin conversion. Soluble fibrin monomers were diluted in the same buffer system, and added to the fluid cell. The addition of fibrin monomers was repeated during the time course of imaging to achieve kinetic control over the polymerization process.
Fibrinogen molecules were visualized with resolution sufficient to identify the characteristic trinodular structure. Individual thrombin molecules also were detected distributed uniformly over the surface. Fibrin assembled spontaneously into short fibrin strands (130 -200 nm) and then propagated into long fibrin strands, which terminate in the formation of a branch point with an adjacent strand, shown in Figs.  (11A,B) . Higher resolution AFM images, Figs. (11C,D) , show time-dependent changes during the fibrin network assembly. After the image shown in Fig. (11C) was obtained, the same area was re-imaged after 60 min, as shown in Fig. (11D) . The differences between the two images offer evidence for molecular rearrangement and conformational ordering during the development of fibrin strands. The fibrin strands continued propagating until termination occurs following contact with an adjacent strand, which lead to the formation of trimolecular and tetramolecular branch points. Eventually, a dense fibrin network is formed, illustrated in Figs. (11E,F) . There is also overlap of several propagating fibrin strands. Some closely packed fibrin strands enclosed a characteristic eyelet structure next to an array of extensive fibrin network.
A high resolution image (Fig. 12) shows that an individual fibrin strand consists of periodic globular domains. The inter-spacing periodicity of adjacent domain peaks is 22.5 nm, about half the molecular length of fibrinogen. The mean width of fibrin strands suggests that double-stranded protofibrils are the predominant structure formed during the initial phase of fibrin assembly. These results show fibrin network assembly involves time dependent propagation of fibrin strands, growth termination at branch points, and rearrangement and ordering after initial fibrin assembly. The results offer unique insight into blood coagulation under aqueous conditions and provide a basis for testing hypotheses concerning surface-induced thrombosis under physiologically relevant conditions.
RESOLUTION ENHANCEMENT
AFM tip -sample interaction provides the basis for nanoscale imaging, measurable near-surface forces at pN levels, and nano-microscale biomechanical measurements. However, tip-sample interactions also create image artifact that may have profound effects on data interpretation. As a result, AFM requires a good understanding of both the instrumentation and tip-surface interactions, in order to achieve reproducible and high resolution images. Using AFM, one can make quantitative statements about the dimensions of a biopolymer as measured. The extent to which this measurement reflects actual molecular dimensions depend on both the molecule's structure and the geometry of the probe tip. The image obtained is a nonlinear combination of both the molecule and the probe tip, which produces an image with lateral dimensions that are larger than both.
The consequences of tip-sample interactions are clearly evident when triangular-shaped artifact (i.e., a face of the pyramidal tip) are seen in AFM images, which often results from imaging relatively tall (> 1 µm) topographical steps. The tip-broadening effect is not immediately obvious in images of smaller objects, such as proteins. Nevertheless, the effect is present in all AFM images. For example, the effect of the tip is substantial on the scale of a globular protein (1-10 nm tall) with measured lateral dimensions that may well exceed actual dimensions by a factor of 2 or 3. To address this problem, two complimentary approaches have been explored: the development of sharper, high aspect ratio, probe tips, and the application of image restoration techniques to remove the tip contribution mathematically from the AFM image.
Probe Tip Structures
Commercially available silicon nitride (Si 3 N 4 ) probes are the most common in AFM, and can provide excellent resolution on many substrates [116] . However, their relatively large tip radii of curvature, often prove them inadequate for accurate imaging of biological structures. Either silicon or carbon probe tips are often used in biological applications. Silicon tips are created by anisotropic etching of silicon wafers and oxide sharpening [117] . The resulting tips are conical with cone angles of 10 to 20° and radii of curvature of ~25 nm. Carbon tips are fabricated by growing a carbon spike onto the apex of pyramidal Si 3 N 4 tips, using a stationary focused electron beam at ~20-25 kV accelerating voltage in a scanning electron microscope [9, 118] . Carbon spike tips have high aspect ratio, sharp tip radius of ~10 nm, and are highly smooth and symmetrical [119] . Other relatively sharp probe tips have included ZnO whisker tips [120] and electrochemically etched wires [121] .
A recent innovation is the use of nanotubes as probe tips. A carbon nanotube, made from a sp 2 hybridized carbon network, is rolled up into a cylinder, to create either a singlewalled or multi-walled nanotube. Single-walled nanotubes have radii ranging from 0.35 to 2.5 nm, and an elastic modulus of ~1 Tpa [122] . The first nanotube AFM tips were made by manual attachment to the apex of standard Si 3 N 4 tips [123] . Subsequently, they were fabricated by growing single-walled nanotubes directly onto Si 3 N 4 tips, using chemical vapor deposition [124] [125] [126] [127] . AFM images obtained using nanotube tips have shown enhanced resolution of DNA, IgG, IgM, and used successfully to image the relatively small 70kDa GroES protein [126] [127] [128] . Progress in 
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demonstrating time-dependent changes during fibrin assembly. Initial AFM image shown in (C) was re-imaged after 60 min (D). The differences between these two images show evidence for molecular rearrangement and ordering in the surface-bound fibrin assemblies. Propagation of fibrin strands eventually terminates in the formation of branch point with an adjacent strand. (E,F). High level fibrin network assembly. The images show extensive fibrin assembly, and overlapping fibrin strands (arrow). In (F) closely packed fibrin strands enclose a characteristic eyelet structure (arrowhead), located next to extensive fibrin network.
imaging IgG provides a good example of the significance of nanotube AFM tips. The characteristic Y shaped structural features of IgG were not well-resolved in the studies of Bergkvist et al., [129] or Fritz et al., [23] , but were visualized using nanotube tips [126] . The images included very little tip broadening effect, when compared with the crystal structure. These studies demonstrate the potential of AFM equipped with high quality nanotube tips to reveal structural details of isolated globular proteins. Fig. (12) . High resolution image of a fibrin strand consisting of periodic globular domains. The periodic spacing of 22.5 nm is approximately half the molecular length of fibrinogen. The mean width of fibrin strands suggests that double-stranded protofibril is the predominant form during initial fibrin assembly.
Image Restoration Techniques
Image processing of AFM data has proven extremely useful for improving accuracy. Image reconstruction can be used to account for the "tip broadening" effect, thus permitting more accurate determination of the physical dimensions of a biopolymer structure. The basic notion is that given a calibrated probe tip and an experimentally measured AFM image, a significantly improved approximation of a biopolymer structure can be calculated using a mathematical model for the imaging process. Models progressed from qualitative [88, 130 ] to a practical formulation termed "envelope reconstruction" [131] . The mathematical model that is generally used for AFM is now based on a well-established branch of image processing known as mathematical morphology. This approach was first explored using imaged objects of ~1 µm [132] and subsequently applied equally well at the 10 nm scale of proteins [119] . Villarrubia has provided a thorough description on mathematical morphology in AFM [133] .
While most image processing techniques process with regard to frequency, mathematical morphology processes with regard to shape, and models hard sphere, sliding interactions. Mathematical morphology consists of two basic operations: dilation and erosion. Dilation describes the path traced out when a structuring element (e.g., a probe tip) slides across an object (e.g., a protein molecule). At points where the tip contacts the molecule away from the apex, a broadening effect is produced. Erosion is the complementary function, that reduces the contribution of the structuring element from the image. Here, the structuring element is traced back over the path of the image and any place the tip overlaps with the image, it is eroded [119] .
Any reconstruction is only as accurate as the calibration of the AFM tip. Thus, one needs detailed morphological information on its size and shape. One method for characterizing a tip is to image an object of known geometry [88, 119, 134, 135] . Small spherical particles are often used, such as colloidal gold beads [119] , polystyrene spheres [88, 132] , and high aspect ratio metallic columns [136] . However, gold beads may deviate slightly from an ideal sphere, and polystyrene spheres are often modified with charged groups, which interfere with accurate imaging.
Based on the measured height of the imaged reference sphere, an ideal sphere is generated on the computer. Since imaging a sphere with the AFM probe is essentially the same as imaging an AFM probe with a sphere, an erosion operation can be performed, using the ideal sphere as the structuring element. The resultant image is the reconstructed probe tip, which can then be used to morphologically restore AFM images or dilate a model structure to predict the AFM image [58] . An alternative method for characterizing the tip, called blind reconstruction, does not require a surface of known geometry [137] [138] [139] . Blind reconstruction places an upper bound on the shape of the tip, using the fact that all features in the image are broader than the tip itself. This technique is well proven for imaging objects several 100 nm in dimension, although it is sensitive to noise at length scales relevant to molecular imaging. A recent modification has improved blind reconstruction performance for investigating biopolymers [140] .
Given accurate morphological information on the probe tip, there are essentially two options for image reconstruction: erode the experimental image using the reconstructed tip or dilate a model to produce a simulated image [10, 11, 53, 141] . Erosion is simpler, because it requires no assumptions about the surface to be reconstructed, is easy to automate, and is computationally efficient. A disadvantage is that erosion only partially removes the tip broadening, is sensitive to noise and sometimes produces an artifact that reduces the height of an object [141] . Nevertheless, the improvement in accuracy is substantial. The dimensions of imaged fibrinogen, for example, narrowed considerably after restoration, with improvement in measurement accuracy of ~40% [11] .
Alternatively, one can generate a model of the molecular structure, based on previous information, and dilate the model using the restored tip shape (essentially simulating AFM imaging). Reconstruction by dilation of a model alleviates the problems of erosion, but is more complicated to implement. For example, the trinodular structure of fibrinogen was modeled using three ellipsoids [53] . The model surface was then dilated to produce a simulated AFM image that was compared with experimental data. The simulation was repeated iteratively, while adjusting the parameters in the model to obtain a best fit. This is computationally intensive as it requires many image simulations to search for a best fit. However, it has the advantage that the reconstructed dimensions reflect the actual dimensions of the biopolymers, and that the reconstruction is robust with respect to experimental noise. In addition, the model is de facto consistent with previous biochemical, EM and/or x-ray diffraction data used to construct the initial model.
We have recently refined the dilation technique using geometric models borrowed from computer graphics and by implementing the fitting procedure using globally convergent nonlinear optimization [142] . This allows us to model a wide range of molecules with a general framework that converges to a statistically significant model. An example of a reconstructed type IX collagen molecule modeled by a generalized cylinder is shown in Fig. (13) . The parameters in the model were determined by iteratively dilating the model surface with the calibrated probe tip [140] . In addition to removing the tip broadening effect, this technique models the data into a form more amenable to physical interpretation. As an example, we calculated the curvature of the major axis to locate flexible regions in the backbone of the molecule Fig. (13d) . The maximum in the plot at ~45 nm is consistent with the location of an imperfection in the triple helical structure of the molecule. Likewise, the peak in the height of the molecule along the contour Fig. (13e) shows the expected location of a globular domain.
AFM IMAGING AT THE CELL LEVEL
AFM is a powerful tool for studying cells at high spatial resolution, which has been exploited to study cells involved in hemostatic processes, including endothelial cells (EC) and platelets [9, [14] [15] [16] [17] [143] [144] [145] [146] [147] [148] [149] . The most common AFM instruments have an x-y piezo imaging range from angstroms up to ~150 µm. This upper range encompasses the capability to image features of single cells and to collect data that includes several cells. Often more critical in imaging cells, is the height range limit in a typical AFM of about 7 µm. This means that imaging cells with spherical shapes is difficult, with significant limits on the resolution of cell surface molecular detail. However, cells that are surface or matrix protein dependent (e.g., EC) undergo morphological changes that involve alterations in the cell membrane and cytosketeleton. Such changes may be readily studied by AFM. Fig. (13) . Reconstructed type IX collagen molecule. This cylinder model has a parametric curve defining a major axis and a set of elliptical cross-sections with varying radii that are swept along the backbone curve to produce a surface (a). The parameters in the model were determined by iteratively dilating the model surface with the calibrated probe tip (b) to produce a simulated image (c) that was then compared with the experimental data (f). In addition to removing the tip broadening effect, this technique models the data into a form more amenable to physical interpretation. As an example, we calculated the curvature of the major axis, to locate flexible regions in the molecule (d). The maximum in the plot at ~45 nm may indicate an imperfection in the triple helical structure of the molecule. Likewise, the peak in the height of the molecule along the contour (e) shows the expected location of a globular domain.
Endothelial Cells
Variations in cell surface morphology and cytoskeletal organization can be visualized from complementary AFM images such as height and deflection. Structural features as membrane filopodia, lamellipodium, cell-cell junctions, or cell movement over a surface also can be monitored. Depending on the desired information, living cells can be monitored in real time, or studied after treatment with a fixative. Initial reports on EC studied by AFM examined topographical features, in which living EC in culture, as well as on an intact artery were imaged [143] [144] [145] [146] . Significant changes in morphological features and cell height were observed, as the EC became aligned in the direction of the flow. Membrane structures such as ion channels also have been visualized by AFM, with results confirmed by complementary optical fluorescence microscopy experiments [147, 148] .
EC are anchorage dependent cells that adhere to their extracellular matrix (ECM) via integrins at focal adhesion sites. Integrin mediated interactions of EC with the ECM, and cytoskeletal adaptations, are critical to cell adhesion and to effective cell differentiation and migration. As an illustration of cell-level imaging by AFM, Fig. (14) shows images obtained in contact mode from a sub-confluent monolayer of fixed human pulmonary artery EC. Figs.  (14a,c) are AFM 'height' images in which quantitative height information is obtained, while Figs. (14b,d) shows 'deflection' images of the same cells and image areas. In these complementary images, the two cells are in close contact and connected through a possible fused membrane. The cell-cell boundaries are visible indicating that the tight cell-cell junctions seen in confluent EC monolayers are not yet formed. Cytoskeletal stress fibers can be detected around the nuclei, with termination points that are probably associated with focal adhesions sites.
The morphology and cytoskeletal network of living EC also may be examined in some detail by AFM. Fig. (15) shows AFM tapping mode images of living human pulmonary microvascular EC. The EC were grown to confluence on glass coverslips and treated with TNF-α for 24 hrs prior to imaging. Data were collected in height, amplitude, and phase detection modes that are described in Fig. (2) . In Fig. (15A,B) , cell morphology and subcellular structures are visualized in the height and amplitude images, respectively. As the probe tip scans a line of the surface from right to left of the image, it moves up, over, and down a tall structural feature (e.g., cell nucleus). As the tip moves up, this reduces the oscillation amplitude of the cantilever, while the converse occurs on the downhill trail. Unlike the height image, the amplitude image will accentuate step edges in the topography, which generates greater contrast for cell features such as stress fibers and peripheral membrane edges of the cell. For the imaged cells shown in Fig. (15A,B) , the height and amplitude images reveal elongated EC morphology and cytoskeletal network features respectively, which are characteristic of TNF-α-treated EC, and consistent with findings obtained by optical microscopy [150] . The phase image shown in Fig. (15C) , contains information on dissipated energy between the probe tip and the surface, which can be used to reveal biomechanical properties [35, 36] . Consequently, the image offers information on viscoelastic properties, exhibiting higher phase shift on a higher modulus surface [44] . Qualitatively, the phase image indicates a decreased modulus on the EC compared with the substrate, and an increased modulus on the filamentous structures compared with cytosol area. This type of analysis can be extended using theoretical models to extract quantitative estimates of the changes in biomechanical properties of a cell.
Platelets
Blood platelets play a central role in the regulation of hemostasis and thrombosis. Injury to the vessel wall exposes the thrombogenic subendothelium, which initiates alterations in the hemostasis balance, leading to thrombus formation. In this process, platelets are activated and adhere to the thrombogenic surface, mediated by proteins such as fibrinogen and vWF. Following surface adhesion, the morphology of an activated platelet changes dramatically from its unperturbed discoid shape. This hemostatic process may be followed using AFM.
As platelets spread on a thrombogenic surface, four distinct morphological zones can be identified: peripheral web, outer filamentous zone, inner filamentous zone and the central granulomere region. Fig. (16) illustrates well spread morphology for column-washed platelets absorbed on glass, and scanned by AFM with a loading force of 520 pN. The relatively flat peripheral zone area (100-140 nm height) and protruding structures consisting of a central pseudonucleus (organelle rich granulomere) zone (420-550 nm height) are accentuated in the image. Some organelles also appear in the peripheral lamellipodium zone [17] .
Platelet activation includes the release of membranederived microparticles that provide catalytic sites for blood coagulation factors. Platelet microparticles have been studied by AFM and complementary fluorescence microscopy. The AFM results show that contact-activated platelet microparticles are not evenly distributed over a surface, but are in clusters in close proximity to adherent platelets [149] . The microparticles are localized near the platelet periphery, and in some cases appear to emanate from platelet pseudopodia, suggesting that formation may result from vesiculation of the pseudopodia. Platelet microparticles imaged on polyethylene measured 125 ± 21 nm in the x-y dimensions and 5.2 ± 3.6 nm in height. The results compared closely with 125 ± 22 nm width and 4.1 ± 1.6 nm height obtained for control preparations of thrombin activated Fig. (15) . Tapping mode AFM height, amplitude, and phase images of living human pulmonary microvascular endothelial cell. Elongated cell morphology and subcellular structures such as cytoskeletal network are visualized in the height and amplitude images, respectively. On the other hand, the phase image provides information on viscoelastic properties, exhibiting higher phase shift on a higher modulus surface. A decreased modulus is observed on the EC compared with the substrate, and an increased modulus on the filamentous structures compared with cytosol area. microparticles that were filtered and deposited directly on glass. The adsorbed microparticles expressed platelet membrane receptor GPIIb/IIIa, and many expressed the platelet activation marker P-selectin, as determined by fluorescence microscopy [149] . The high number distribution of procoagulant microparticles per unit area of surface compared with individual platelets suggests that platelet-derived microparticles provide a mechanistic route for amplifying thrombus formation on a thrombogenic surface
Combined-AFM-Optical Imaging
An AFM integrated with an inverted optical microscope has been available for several years, which has facilitated many AFM studies at the cell level. While AFM can provide molecular resolution under aqueous conditions, it is often difficult to identify individual components, particularly if the specimen contains a heterogeneous population. This occurs often in biological systems. It is also often desirable to obtain information complementary to AFM, such as combining structural information obtained by AFM with information on function, either at the macromolecular or cellular level. This has stimulated development of several instrument combinations that facilitate complementary data comparisons.
Recent developments in combined multimodal imaging by AFM integrated with, or used in combination with, other imaging systems and/or functional assays are listed in Table  1 [31, 44, [151] [152] [153] [154] [155] [156] . These instrument combinations allow direct complementary imaging or force measurements in a controllable aqueous environment. For example, Mathur et al., presented total internal reflection fluorescence microscopy (TIRFM) in combination with AFM in studying focal contact dynamics of the human umbilical vein EC [14] . Changes in the focal adhesion sites were observed by TIRFM, while a force of 0.3 -0.5 nN was applied by AFM probe. As an illustration of complementary imaging, Fig.  (17) shows data on neutrophils obtained by AFM, fluorescence confocal microscopy, and phase contrast optical microscopy. A recent innovation has been to integrate a patch clamp system with an AFM [153] . This combination provides prospects for real-time studies of the cell signaling function linked to morphological changes observed or induced by AFM. 
MEASUREMENTS AND MAPPING OF INTER-MOLECULAR FORCES
AFM combines high force sensitivity (few pN) with high lateral resolution. A direct consequence of the nature of AFM (controlled probe tip-sample interaction) has provided the basis for quantitative measurement of intermolecular forces, such as van der Waals, electrostatic and hydration forces of relevance to biological processes [18] [19] [20] [21] [22] [23] [157] [158] [159] [160] . The experiments are accomplished by using modified molecular probe tips, varying media conditions, and utilizing the force-distance profiles that are obtained with an AFM. A force-distance profile can be collected sequentially at each image pixel, so that a force map over the entire surface can be obtained. Here, we provide a basic overview to the measurement of intermolecular forces by AFM and review applications relevant to hemostatic processes.
Force-Distance Curves
In AFM, the photodetector monitors deflections of the cantilever caused by forces acting between a surface and the probe tip. The deflections can be used to create a topographic image when the probe is raster-scanned in the x-y direction; or force curves, when the probe is moved in the z-direction. In this latter technique, the cantilever is moved down until it contacts the surface, and then retracted, until no interaction between probe and surface is detected. The resultant plot of cantilever deflection versus the separation between the probe and the sample is the force curve. In the most common analysis, cantilever deflections are converted into forces using Hooke's law: F = -kc d; where F is the force acting on the cantilever, kc is the spring constant of the cantilever, and d is its deflection. The accuracy of the cantilever spring constant value is uncertain, unless an independent measurement or calibration is made [161, 162] .
In a force-recording regime, there are two different modes of operation. In the static (contact) mode, the tip approaches the surface, is pushed into the surface, and is then retracted. In the dynamic mode, the cantilever is oscillated, while it is moved to and away from the surface.
The measured parameter is the reduction in the amplitude of oscillation caused by the interaction of the tip with the surface. A typical force versus distance curve is shown in (Fig. 18) . Initially, when the probe is far from the surface, there is no interaction. As the probe-sample separation distance is reduced, forces between atoms on the two surfaces cause the flexible cantilever to bend toward the sample in the case of attractive forces (van der Waals and electrostatic), or away from the sample in the case of repulsive forces (electrostatic). At each closing distance, the cantilever bends until its elastic (restoring) force equals the probe-sample interaction force and the system is in equilibrium. The attractive forces may be sufficient to cause the probe to undergo an abrupt snap to the surface. This limits the range of data that may be obtained on the approach cycle [58] .
Once in contact with the surface, the probe will experience an increasing repulsive force. In this 'contact region' of the force curve, there may be elastic and/or plastic (reversible and/or irreversible) deformations of either or both the probe and the sample. These deformations provide additional information on the mechanical properties of the sample [19, [163] [164] [165] [166] . After a preset value of load is reached, the direction of motion is reversed, and the probe assembly is moved away from the surface. During retraction of the probe, contact adhesion forces may delay tip-surface separation, which is detected in the retraction curve. The measured force also depends on geometry. For example, between a spherical probe tip and a flat surface, the magnitude scales with the tip radius. Tip-surface separation, or jump-off, occurs when the effective elastic constant of the cantilever overcomes all the adhesive interactions between probe and sample. This force, with the aid of theoretical modeling, can be used to compare surface-dependent interactions or specific molecular debonding events.
Application of AFM Force Curves
AFM force curves are rich in information for extracting interaction forces in biological systems [167] [168] [169] [170] . The electrostatic double-layer force between charged particles is one of the principal forces that govern biological interactions. The surface charge density determines the counterion concentration near the surface and hence the magnitude of the double-layer force. Electrostatic forces responsible for altered affinities of immobilized receptors [171, 172] and the magnitude of competing receptor-ligand attraction and electrostatic repulsion have been determined [173, 174] . Shear detachment studies also demonstrated the effects of electrostatics on receptor-ligand bond formation and rupture in cell adhesion [175] .
There are many reports of AFM force measurements on the mechanical properties of protein molecules. The majority addresses the mechanico-chemical transduction of motor proteins and the relationship between structure, catalysis, and force transduction. Several excellent reviews have been written on this subject [168, 176, 177] . Proteins are stabilized by multiple noncovalent interactions, and the disruption of these bonds by either mechanical or chemical means induces protein unfolding. Direct measurements have been made on the forces that stabilize protein structures and how they affect the mechanical properties of isolated proteins.
Single Molecular Interaction Forces
AFM can be used to sense the weak, non-covalent, forces involved in molecular recognition reactions. In order to do so, each molecular partner is immobilized on either the probe or the surface, and then examined through approach/retraction cycles of the probe. The magnitude of the cantilever deflection at the jump-off peak reflects the rupture force needed to break the molecular interactions holding the two partners in close contact; breaking the interaction bonds restores the cantilever to its neutral noncontact, non-deflected position. However, these specific intermolecular interactions are registered against a background of non-specific probe/surface interactions, which may be as high as, or higher, than the specific biological interaction of interest [178, 179] . This necessitates careful choice of controls, which often include the use of nonfunctionalized probes or surfaces, blocking experiments with free ligands in the medium, or changing the ionic strength or pH in the medium. Other common experimental limitations include thermal noise, measurement uncertainty in the probe tip position; and hydrodynamic effects when the probe retraction rate is retarded by viscosity drag so that a smaller force is recorded than is actually applied. In addition, the force measurement is limited to a uniaxial force determination [180, 181] .
Given the AFM force measurements data, a single molecular interaction force is extracted by using either a low immobilization density to increase the probability of only a single receptor-ligand interaction [180] ; or by Poisson or quantized distribution analysis of multiple debonding events [160, 182, 182] . The major experimental parameter affecting bond rupture is the applied loading rate, which is given by Fig. (18) . Typical force curve obtained from a cellular surface. AFM force-distance curves can be used to obtain adhesive forces as small as individual receptor-ligand interactions and molecular extensions. The ligand-receptor rupturing process is illustrated for a typical record of a force-distance cycle. Binding of the ligand to receptor occurs during approach (points 1 to 3). The particular shape during tip retraction (points 3 to 6), reflects extension of the flexible chain, after which the force increases until rupturing occurs at the rupturing force (point 5). the product of tip velocity and the spring constant of the cantilever [184] . The rupturing probability of the bond is correlated with exp(-{Eb-FXb]/KbT), where Eb is the potential energy barrier of bond disruption, F is the applied force in the bond direction, Xb is the distance of the potential energy barrier, Kb is the Boltzman constant, and T is the temperature. This description of loading rate applies if the cantilever alone generates the loading force. When the force is transmitted by a polymer, the loading rate at some site (the bond to be ruptured) within that polymer also depends on the compliance and conformational extension of the polymer [185] . When this internal loading rate is taken into account, the data fall on a universal line. Thus, comparison of bondrupture and/or unfolding force data from various experiments requires control of the external loading rate and an appreciation for the properties of the sample. The biotin/streptavidin ligand/receptor pair has been used as a model system because of its unusually high affinity and the availability of structural and thermodynamic data [18, 21] . The interpretation of force data has been facilitated by the use of site-directed mutants of the receptor proteins, as well as of structural derivatives of biotin itself.
In hemostatic processes, the RGDS peptide sequence found in fibrinogen, vWF, and extracellular matrix proteins, plays a critical role in platelet adhesion and thrombus formation, when bound to the platelet GPIIb/IIIa (α IIb β 3 ) integrin receptor. This molecular receptor-ligand interaction has been measured by AFM [160] . A nonopeptide sequence containing the active RGDS sequence with a hydrophilic spacer sequence was coupled covalently to AFM probe tips. AFM force-distance measurements were made by cycling the peptide modified probe tip over a 200 nm vertical range over a platelet surface in Tyrode buffer media. Control experiments were carried out in the presence of high concentrations of soluble RGDS peptide to block the platelet receptors. The results showed a quantized distribution of debonding forces at a loading rate of 12 nN/sec, from which the debonding force for the single ligand-receptor was estimated to be ~93 pN (Fig. 19) , similar to the estimate obtained between fibrinogen and latex spheres covalently linked with GPIIb/IIIa measured by flow cytometry [186] . The AFM results also showed evidence for sample extension during the debonding process, and a linear correlation between the debonding force and the logarithm of the rate of uniaxial loading. From the analysis, the zero kinetic off-rate K off (0), the single molecular binding energy E b , and the transition state x b , assuming rigid binding, were extracted from the data, and estimated to be 22.6 sec -1 , -2.64 x 10 -20
Joules and 0.1 nm, respectively. The calculated binding energy was similar to the value obtained for the free peptide in solution (IC 50 . = -3.43x10 -20 J) from an assay of the inhibition of fibrinogen binding to platelets.
Force Mapping
Laterally resolved force curves can be recorded during xy raster scanning and assembled into a three-dimensional force volume that correlates with the topographical image of the sample [167, [187] [188] [189] . The wealth of information in the force volume can be used to produce surface maps reflecting different properties, such as adhesion, viscosity, elasticity, and ionized groups [69, 190, 191] . An alternative approach to producing spatially resolved force measurements is to create isoforce images across the sample, by assigning each point of the surface a separation distance at which a certain force is measured [167] . Collecting series of isoforce images at different forces can, in principle, reconstruct the same force volume as collected from individual force curves.
Biological applications of force volume have included measurements on the mechanical properties of different cells including platelets and fibroblasts [167, [192] [193] [194] . When the AFM probe tip is pushed into the sample, it undergoes measurable indentation. When the stress (deformation force) and the strain (the amount of deformation) are linearly related, the deformation of the material is elastic, and the material will regain its original form upon relaxation. The depth of indentation is used to measure local elasticity [7, 17, 167, 187, [194] [195] [196] . A detailed treatise of how AFM indentation data can be used to measure micromechanical properties of biological samples has been published [197] .
An example of force mapping of EC is shown in (Fig.  20) , in which the time dependent changes caused by ICAM-1 were studied using force mapping. ICAM-1 is an adhesion molecule important for intercellular interaction between EC and neutrophils, and mediates the membrane stiffening response of EC. The effect of crosslinking ICAM-1 on the morphological and biomechanical characteristics of human pulmonary microvascular EC was examined using AFM force mapping. An array of force-indentation curves was obtained and analyzed to determine elastic moduli as a function of x, y positions (Fig. 20) . Each force curve was fitted to the Hertz model to calculate Young's modulus. The elastic moduli were then arranged in an array of 64 by 64, and compared directly with the topographic AFM image. The results showed that ICAM-1 crosslinking induced a significant increase (p <0.05) in the elastic modulus after 20 min that was not observed in cells without crosslinking. Increases in elastic modulus were greater on filamentous structures and at intercellular junctions compared with the cytosol. AFM height images showed that the height was increased at 20 min and the space between EC widened.
Variations in surface charge density can be measured using probe tips modified with chemical functionalities. The modified tip can then be used for mapping the spatial arrangement of chemical groups on a surface; a technique termed chemical force microscopy [198, 199] . Probes functionalized with -CH 3 or -COOH interact with chemical groups on the surface, with the spatial pattern of interaction reproducing the spatial distribution of functional groups or charge on the surface [198] or across a biological sample [169] . A significant improvement in the spatial resolution of chemical force microscopy was achieved recently by using covalently functionalized nanotubes as probes [200] .
Platelets have a net negative surface charge, but the presence of multiple glycoprotein receptors will create local variations in the charge density. The application of force mapping shows the relative surface charge density directly. Individual force curves with a z-displacement of 200-500 nm were collected at z-scan rates between 10 and 20 Hz. Measurements were obtained from 64 x 64 force curves over the scan area and each approaching and retracting curve contained 64 data points. A force map image, (Fig. 21) was created by plotting the deflection of the cantilever at a fixed distance from the surface [17] .
Conclusions and Future Directions
Over the past decade, AFM has become established as powerful technique that offers unique surface information in physiologically relevant environments. The information obtained ranges from high resolution imaging of proteins and cells involved in hemostasis to surface mapping of physical and mechanical properties, to measurement of receptorligand debonding force. Recent progress made in the fabrication of ultrasharp AFM tips, which has provided improved spatial resolution in the images. With the increasing availability of nanotube probes, lateral resolution should approach 0.5 -1 nm, which should allow progress toward imaging on the level of secondary structure of Fig. (21) . AFM topographical image (left) and the elastic modulus image (right), calculated from all force curves taken over a dendriteshaped human platelet surface. The Young's modulus of the background surface was 450~800 kPa, which is significantly smaller than that of glass . This result can be interpreted as plasma proteins absorbed on the glass surface during platelet absorption. The Young's modulus of the brightest contrast area in force-volume image indicates 5.3 kPa. globular proteins. Dynamic AFM modes have stimulated the area of cell-level imaging by AFM, particularly when combined with complementary techniques such as fluorescence optical microscopy, and novel approaches in elucidating biological function with the structural information provided by AFM. The prospects of AFM, combined with techniques, such as the patch clamps and laser optical tweezers, will further promote our understanding of the complexity of protein interactions in hemostasis. Recent advances in force detection techniques have opened new opportunities to molecular level visualization and measurement of individual receptor-ligand binding events. Force mapping of a sample is now possible, with location of active regions and correlation with structure/function properties. Taken together, recent advances suggest that AFM will continue its steady growth as an extremely useful is techniques in elucidating cell and protein interactions at the molecular level.
